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Keratinocytes are the predominant cells in human skin. As keratinocytes differentiate, the nuclei are lost and the cornified
cell envelope (CCE) develops, forming a covalently cross-linked, insoluble structure under the cell membrane. Layers of
anuclear CCEs in the stratum corneum provide a barrier against water loss and mechanical damage and are a first line of
immunologic defense. Infection of keratinocytes with human papillomaviruses (HPVs) induces proliferation and abnormalities
including retention of nuclei in the stratum corneum and perinuclear halo formation. For effective transmission, HPV virions
must be released from the CCE, a normally very durable structure. Therefore, it is likely that HPV infection affects the CCE
in a manner that would facilitate virion release. To investigate the effects of HPV 11 infection on morphology and fragility,
CCEs were purified from infected and uninfected epithelium. CCEs isolated from uninfected epithelium were smooth,
cuboidal, and sonicated into long coiled structures. In contrast, CCEs from HPV 11-infected epithelium were irregular in size
and shape, with rough edges, and sonicated into small fragments. In addition, the thickness of CCEs from HPV 11-infected
tissue was 65% that of uninfected epithelium. Immunohistochemical analysis demonstrated that in contrast to uninfected
epithelium, loricrin, the major component of the CCE, was abnormally distributed in the differentiated layers of HPV
11-infected epithelium. We conclude that in addition to the previously described epithelial abnormalities induced by HPV, the
CCE is also affected by infection in ways that may facilitate transmission of virus from person to person. © 2000 Academic PressINTRODUCTION
The keratinocyte is the predominant cell type of epi-
dermis and is the target of human papillomavirus (HPV)
infection (Eckert et al., 1997). Keratinocytes exit the cell
cycle in the suprabasal layers of epithelium and undergo
the process of differentiation that includes expression of
proteins that become components of the cornified cell
envelope (CCE) (Rice and Green, 1977). Keratinocytes
normally undergo nuclear dissolution as they enter the
stratum corneum (Eckert et al., 1997). A dense, covalently
linked matrix of proteins makes up the fully developed
CCE (Kubilus and Baden, 1984; Nemes and Steinert,
1999; Rice and Green, 1977). The end-point of differenti-
ation and keratinization is a layer of flattened, enucleated
CCEs, which protect against water loss, mechanical in-
jury, and invasion by microbes. The CCE is insoluble and
can be isolated from epidermal tissue only by extraction
with strong detergents (Jarnik et al., 1998; Robinson et al.,
1996; Steinert and Marekov, 1997; Yaffe et al., 1993). By
electron microscopy, purified CCEs appear as dense,
15-nm-thick structures, free of organelles, with the out-
line of keratinocytes (Jarnik et al., 1998). Analysis of CCEs
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65has demonstrated the presence of loricrin, involucrin,
small proline-rich proteins, cytokeratin 10 (K10), and
other proteins covalently linked through transglutamina-
tion (Candi et al., 1995; Marvin et al., 1992; Ming et al.,
1994; Robinson et al., 1997; Steinert et al., 1998; Steinert
and Marekov, 1997; Yaffe et al., 1993). To date, the phys-
ical characteristics of CCEs have been studied primarily
using healthy epithelial tissue, in most cases derived
from murine sources. No prior studies have examined
the CCE in epithelium infected with HPV.
Infection of human epithelium with HPV induces cyto-
pathic effects including thickening of the granular and
spinous layers (acanthosis), retention of nuclei in the
stratum corneum (parakeratosis), and the formation of
large vacuolated regions surrounding abnormally large
nuclei of differentiated cells (koilocytosis). It is possible
that specific viral proteins are responsible for these ef-
fects.
Infection with HPV does not induce lysis of keratin-
ocytes. The durable, covalently cross-linked CCE
structure present in normal differentiated keratino-
cytes is not suited to release of virions. Therefore, it is
likely that transmission of HPV would necessitate al-
terations in the CCE. The current study was designed
to determine whether differences in the morphologic
and mechanical features of CCEs could be detected
between those derived from healthy human genital
0042-6822/00 $35.00
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66 BROWN AND BRYANepithelium and those from HPV 11-infected genital
epithelium.
RESULTS
CCEs from HPV 11-infected epithelium are
morphologically abnormal
CCE preparations were examined by phase-contrast
and electron microscopy. By phase-contrast microscopy,
CCEs from uninfected human epithelium, including those
isolated from fresh foreskin tissue and uninfected athy-
mic mouse xenografts, were ovoid, smooth, and uniform
in size and shape (Fig. 1). A few granules were present
in the central area of approximately half of the CCEs. In
contrast, CCEs derived from HPV 11-infected tissues,
including those isolated from the condyloma acuminata
lesion and the HPV 11-infected athymic mouse xeno-
grafts, were larger and less uniform in shape, with irreg-
ular, undulating borders. Numerous, large granules were
present in the central area of nearly all CCEs derived
from HPV 11-infected tissue.
Analysis by electron microscopy confirmed the differ-
ences visualized by phase-contrast microscopy, between
CCEs isolated from uninfected epithelium and those
from HPV 11-infected epithelium (Fig. 2, shown for CCEs
derived from xenografts). Detection of granular material
FIG. 1. Phase-contrast microscopy of CCEs isolated from uninfected
uman genital epithelium (A and B) or HPV 11-infected human genital
pithelium (C and D). (A and C) CCEs derived from uninfected and HPV
1-infected foreskin tissue grown as xenografts in athymic mice. (B and
) CCEs derived from neonatal human foreskin tissue and from a
ondyloma acuminata lesion containing HPV 11. Original magnification,
003.was minimal in the central area of CCEs from uninfected
implants, but was abundant in the center of CCEs fromHPV 11-infected epithelium. Sonicated CCEs from unin-
fected xenografts and human tissues were much longer
and more coiled than were those from HPV 11-infected
epithelium (Fig. 3, shown for CCEs derived from xeno-
grafts). Numerous short fragments were present in the
sonicated CCEs from HPV 11-infected tissue.
The thickness of the CCEs derived from uninfected
epithelium was greater than that of CCEs derived from
HPV 11-infected tissue. The reported wall thickness of
CCEs from uninfected human genital epithelium is 15 nm
(Jarnik et al., 1998). Forty-eight measurements were
taken of photographs (similar to Fig. 3) from sonicated
CCEs derived from uninfected and HPV 11-infected epi-
thelia. When measured directly from these enlarged pho-
tographs (enlarged at the same magnification), the thick-
ness of CCEs from uninfected epithelium was 4.15 6 0.28
mm vs 2.72 6 0.33 mm for CCEs from HPV 11-infected
FIG. 2. Electron micrograph of intact CCEs derived from uninfected
athymic mouse xenografts (A) or HPV 11-infected xenografts (B). Orig-
inal magnification, 52,5003. Arrow indicates granular material within
the CCE derived from the HPV 11-infected xenograft.
FIG. 3. Electron micrograph of sonicated CCEs derived from unin-
fected genital epithelium (neonatal foreskin) (A, B, and C) or HPV
11-containing genital epithelium (condyloma acuminata) (D, E, and F).
Original magnification (A and D) 52,5003; (B and E) 71,2503; (C and F)
182,5003.
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67HPV 11-INDUCED CCE ABNORMALITIESepithelium. Thus, the thickness of CCEs derived from
HPV 11-infected xenografts was 65% that of CCEs from
uninfected epithelium, or approximately 10 nm.
CCEs from HPV 11-infected tissue are fragile
To test the fragility of CCEs from HPV 11-infected and
uninfected epithelia, sonication was performed in 5-s
bursts for a total of 30 s. CCEs derived from uninfected
epithelium were more resistant to sonication than CCEs
derived from HPV 11-infected epithelium (Fig. 4).
The morphology of CCE fragments generated by son-
ication was examined by phase-contrast microscopy
(Fig. 5, shown for CCEs derived from neonatal human
foreskin tissue and from a condyloma acuminata lesion
containing HPV 11). Sonicated CCE fragments from HPV
11-infected epithelium were short, irregular in shape, and
numerous. In contrast, sonicated CCEs fragments from
uninfected epithelium were detected as long, regularly
shaped needle-like structures. Some CCEs derived from
uninfected epithelium appeared to remain as single,
large, partially coiled sheets, similar to a deflated, rolled
balloon (Fig. 5B).
Loricrin is expressed abnormally in HPV 11-infected
genital epithelium
Human epithelium, either HPV 11-infected or unin-
fected, was examined for the presence and distribution
of two cell envelope proteins, involucrin and loricrin. In
neonatal foreskin tissue, both proteins were detected in
the cytoplasm of cells, in a uniform distribution within the
suprabasal epithelial layers (Figs. 6B and 6C). In the HPV
11-infected condyloma acuminata lesion, involucrin was
detected in the suprabasal epithelial layers (Fig. 6E).
Compared to neonatal foreskin tissue, involucrin staining
FIG. 4. Graph showing the effects of sonication on CCEs. Sonication
of intact CCEs remaining after each burst of sonication was determined
patient tissues, including neonatal foreskin tissue (open circles) or c
mouse xenografts, uninfected (open squares) or HPV 11-infected (closwas generally weaker in the condyloma acuminata le-
sion.The distribution of loricrin in the HPV 11-infected
condyloma acuminata lesion was markedly abnormal
(Fig. 6F). Loricrin was detected in patches of supra-
basal, koilocytotic keratinocytes and was detected in
individual cells adjacent to keratinocytes with no de-
tectable loricrin (Figs. 6F and Fig. 7B). Large regions of
suprabasal HPV-infected epithelium contained a mark-
edly reduced amount of detectable loricrin. These ab-
normalities were present both in HPV 11-infected
rformed in 5-s bursts, for a total of six bursts. The percentage survival
tted against the number of bursts. (A) Sonication of CCEs derived from
a acuminata tissue (closed circles). (B) CCEs derived from athymic
ares). Error bars indicate the 95% confidence intervals.
FIG. 5. Phase-contrast microscopy of CCEs derived from neonatal
human foreskin tissue and from a condyloma acuminata lesion con-
taining HPV 11, shown prior to sonication (A and C), and sonicated to
determine fragility (B and D). (A and B) CCEs derived from neonatalwas pe
and plohuman foreskin tissue. (C and D) CCEs derived from the condyloma
acuminata lesion. Original magnification, 4003.
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acuminata lesion.
DISCUSSION
The CCE consists of covalently cross-linked proteins
in a sheath adjacent to the interior surface of the kera-
tinocyte cell membrane (Nemes and Steinert, 1999). Lay-
ers of insoluble CCEs produced by differentiated kera-
tinocytes provide the host with a flexible, water-resistant
covering. Under the microscope, healthy epithelium con-
FIG. 6. Immunohistochemical analysis of uninfected genital epitheli
condyloma acuminata) (D, E, and F), for detection of involucrin (Pane
pithelium to demonstrate tissue histology. Arrows indicate the basalFIG. 7. Immunohistochemical analysis of neonatal foreskin (A) or an HPV 1
Arrows in each panel indicate the stratum corneum. Original magnification, 4tains several layers of anuclear CCEs above living ker-
atinocytes in the stratum granulosum. Because HPV viri-
ons are assembled in nuclei of differentiated keratino-
cytes, a rigid, durable CCE would be potentially
detrimental to virion release. To spread infection to new
hosts, HPV virions must have a mechanism for leaving
the nucleus and then the CCE.
Two histopathologic features induced by HPV appear
to facilitate effective virion transmission from the infected
host to another individual. First, keratinocyte proliferation
onatal foreskin) (A, B, and C) or HPV 11-containing genital epithelium
nd E) or loricrin (C and F). (A and D) Hematoxylin and eosin stained
of keratinocytes. Original magnification, 1003.um (ne1-containing condyloma acuminata lesion (B), for detection of loricrin.
003.
69HPV 11-INDUCED CCE ABNORMALITIESin the granular and spinous layers (acanthosis) greatly
amplifies the potential number of virion-producing cells.
Healthy human epithelium generally contains 8 to 10
layers of cells, while up to 100 layers are commonly
observed in large condyloma acuminata lesions. Sec-
ond, HPV-infected cells retain their nuclei in the stratum
corneum (parakeratosis). This is in marked contrast to
healthy epithelium, in which nuclei become flattened in
the upper granular layer and undergo dissolution, result-
ing in the anuclear CCE found in the stratum corneum. In
HPV 11-infected genital epithelium, differentiated cells
with intact, virion-filled nuclei are abundant in the stra-
tum corneum. This remarkable feature thus allows viri-
ons to be transmitted from person to person in an effec-
tive, concentrated package.
In addition to these effects, we describe here another
histopathologic feature induced by HPV. In its normal
state, the CCE is a durable structure, providing protec-
tion to the host. A normal CCE, however, would likely
hinder release of virions due to the cross-linked matrix of
proteins and the inherent resistance of CCEs to rupture.
HPV appears to induce defects in CCE integrity, includ-
ing a thinner CCE and a susceptibility to mechanical
breakage. Interestingly, many patients complain of irrita-
tion and bleeding due to minor trauma of condyloma
acuminata lesions. These defects of the CCE in HPV
11-infected epithelium may facilitate release of virions
once the CCE is deposited on the skin of the new host.
Because CCEs from healthy human genital epithelium
are approximately 65 to 70% loricrin (Steven and Steinert,
1994), the thinner wall of the CCE from HPV 11-infected
epithelium may be due to reduced expression of this
protein or an abnormality of loricrin cross-linking into the
CCE. Our immunohistochemical analysis suggests that a
profound alteration in loricrin distribution occurs in HPV
11-infected epithelium. Although loricrin was detected in
individual keratinocytes in the suprabasal layers, a re-
duction in loricrin was noted in the majority of cells.
Abnormal loricrin distribution has also been described
for HPV 16-infected tissue (Doorbar et al., 1997). Further
studies will examine the specific mechanisms causing
the alteration in loricrin distribution and abnormalities in
CCE characteristics described here.
In summary, CCEs isolated from HPV 11-infected epi-
thelial tissue differed from those isolated from uninfected
epithelial tissue in several ways that could influence
transmission of virus from person to person. These ab-
normalities, including a thinner CCE, increased fragility,
and morphological alterations of the CCE, can be con-
sidered another cytopathic effect induced by HPV 11-
infection. The mechanisms used by HPV 11 to induce the
changes of CCEs are not known, but our data suggest
that loricrin, the most abundant CCE protein, may be
involved.MATERIALS AND METHODS
Preparation of purified CCEs from tissue
CCEs were prepared from human genital epithelium,
including an HPV 11-containing condyloma acuminata
lesion, fresh human foreskin tissue obtained from a neo-
natal circumcision, or human neonatal foreskin tissue
grown as xenografts in athymic mice. For the xenografts,
human genital epithelial tissue was infected with purified
HPV 11, implanted, and removed from mice 90 days after
implantation (Brown et al., 1994; Kreider et al., 1987).
Control xenografts were not infected with HPV 11, but
were otherwise treated in an identical manner.
To prepare CCEs, epithelial tissues were minced us-
ing a scalpel and then extracted at 100°C for 20 min in
0.2% extraction buffer (0.2% EB) containing 100 mM Tris–
HCl, pH 8.0, 0.2% SDS, 5 mM EDTA, 10 mM DTT, and 130
mM b-mercaptoethanol. Following centrifugation, the
pelleted material was extracted two more times with
0.2% EB as above. Pelleted material was suspended in
500 ml of 0.2% EB, and then layered onto a cushion of 3%
Ficoll in 0.2% EB. Individual CCEs were separated from
CCE aggregates and tissue fragments by centrifugation
at 1000g for 10 min at room temperature. CCEs were
visible as a sharp white band. The band was carefully
recovered, and CCEs were washed three times with 0.2%
EB. The presence of intact CCEs was verified by phase-
contrast microscopy. CCEs were suspended in 0.2% EB
and stored at 4°C.
Analysis of CCE morphology by electron microscopy
To compare the morphology of CCEs from HPV 11-
infected and uninfected epithelia, a portion of each CCE
preparation was sonicated with two 60-s bursts using a
Fisher Sonic Dismembrator (Model 300) with the inter-
mediate size tip, at a setting of 60% of maximum output.
Sonicated CCEs were examined by phase-contrast mi-
croscopy to ensure that less than 1% remained intact.
Sonicated CCEs were pelleted by centrifugation and
washed three times with 0.2% EB as described above.
The sonicated CCEs were again pelleted, suspended in
0.2% EB, and stored at 4°C. A portion of each CCE
preparation, either sonicated or unsonicated, was pel-
leted by centrifugation, and the pellet was fixed in 3%
gluteraldehyde. The CCE pellets were then embedded
and sectioned. Sections were stained with uranyl acetate
and examined by transmission electron microscopy.
The thickness of sonicated CCEs was estimated using
high-magnification photographs (182,5003). An image
demonstrating the thinnest portion of the CCE was cho-
sen for measurements. This region of the photograph
represents a direct, as opposed to oblique, angle of the
CCE. A total of 48 measurements were performed for
each CCE preparation using an EKG caliper. The thick-
ness of CCEs derived from HPV 11-infected epithelium
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70 BROWN AND BRYANwas estimated as a percentage of the thickness of CCEs
from uninfected epithelium. CCEs from healthy epithe-
lium have been previously shown to have a thickness of
15 nm (Jarnik et al., 1998).
Resistance of CCEs to sonication
Resistance to sonication was used as a test of CCE
fragility. Intact CCEs from HPV 11-infected and unin-
fected epithelia were suspended in 300 ml of 0.2% EB at
concentration of 2 3 105 CCEs per milliliter and sub-
ected to six 5-s bursts of sonication as above, but at
etting of 25% of maximum output. After each 5-s burst of
onication, 10 ml of each CCE preparation was examined
y phase-contrast microscopy. The percentage of intact
CEs remaining after each sonication was determined
y counting with a hemocytometer, dividing by the num-
er of CCEs prior to sonication, and then multiplying by
00. Two different investigators counted each CCE prep-
ration twice, for a total of four counts after each burst of
onication.
mmunohistochemical analysis of epithelial tissue for
CE proteins
Human genital epithelium was analyzed by immuno-
istochemistry for the presence and distribution of in-
olucrin and loricrin (Nemes and Steinert, 1999). The
issues examined included the HPV 11-containing con-
yloma acuminata lesion, fresh human foreskin tissue
btained from a neonatal circumcision, and human neo-
atal foreskin tissue grown as xenografts in athymic
ice. Zinc formalin-fixed paraffin-embedded sections
ere deparaffinized with xylene and then ethanol and
ater. One section from each biopsy was stained with
ematoxylin and eosin for examination of tissue histol-
gy. Additional sections were used in immunohisto-
hemical assays to detect involucrin or loricrin. The an-
ibodies used were a mouse monoclonal antibody
gainst involucrin (Novocastra Laboratories, Newcastle
n Tyne, UK) and a rabbit polyclonal antiserum against a
4-amino-acid peptide found in loricrin (BabCo, Rich-
ond, CA). The immunohistochemical procedure was
erformed as previously described (Brown et al., 1996).
The Vectastain ABC kit (Vector Laboratories, Burlingame,
CA) was used to detect antibody binding to involucrin or
loricrin according to the manufacturer’s instructions. Ar-
eas of anti-involucrin or anti-loricrin antibody binding,
appearing as dark yellow-brown staining of differentiated
keratinocytes, were identified by light microscopy.
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